Thymic epithelial cells (TECs) are one of the most important components in thymic microenvironment supporting thymocyte development and maturation. TECs, composed of cortical and medullary TECs, are derived from a common bipotent progenitor, mediating thymocyte positive and negative selections. Multiple levels of signals including intracellular signaling networks and cell-cell interaction are required for TEC development and differentiation. Transcription factors Foxn1 and autoimmune regulator (Aire) are powerful regulators promoting TEC development and differentiation. Crosstalks with thymocytes and other stromal cells for extrinsic signals like RANKL, CD40L, lymphotoxin, fi broblast growth factor (FGF) and Wnt are also defi nitely required to establish a functional thymic microenvironment. In this review, we will summarize our current understanding about TEC development and differentiation, and its underlying multiple signal pathways.
INTRODUCTION
As a primary lymphoid organ, thymus is the site that T cell development and maturation take place. Thymic epithelial cells (TECs) and thymocytes are the most important components in thymic microenvironment in which TECs form a 3-dimentional network fi lled with thymocytes in different developmental stages. Besides, macrophages, dendritic cells (DCs), fibroblasts and mesenchyme cells also present in thymus. Based on the location in thymus, TECs can be divided into two major subsets: cortical (cTEC) and medullary TECs (mTEC) located in the outer cortex and the inner medulla area, respectively. Thymocytes develop and mature while migrating through thymic cortex and medulla by interacting with TECs. With no doubt, TECs are the key part in thymic environment to shape T cell development. Thymocytes that succeed in positive selection mediated mainly by cTECs and negative selection mainly mediated by mTECs are mature to functional T cells with self-MHC recognition and tolerant to self antigens (Anderson and Takahama, 2012; Guerder et al., 2012) . The knowledge about TEC development, differentiation and the underlying mechanisms will signifi cantly help us to better understand the thymic microenvironment essential for the thymic lymphopoiesis. Though a wealth of information on TECs has become available during the past decades, the precise developmental pathways and molecular mechanisms regulating TEC maturation remain poorly defi ned. This review will focus on recent fi ndings related to the development and molecular regulation of TECs.
THYMUS ORGANOGENESIS AND TEC DEVELOPMENT
On approximately day 9 of embryonic development (E9) in mice, the thymus rudiment arises from the endoderm of the third pharyngeal pouch. The thymus rudiment contains bipotent precursors that could develop into both cTECs and mTECs (Bleul et al., 2006; Rossi et al., 2006; Zhang et al., 2007) . cTECs and mTECs are remarkably different in the respects of cytokeratin expression, in which most mTECs express cytokeratin 5 (K5) and K14 but cTECs express K8 and K18 (Alexandropoulos and Danzl, 2012) . TECs that express both K5 and K8 (K5 point indicates that the Aire is a marker for mature mTECs, while the secondary one emphasizes that Aire expressed in immature mTECs regulates mTEC development and TRAs' expression. By examination of the proliferation and turnover of Aire + or Aire -mTECs through the in vivo BrdU incorporation assays, Daniel Gray et al presumed that Aire + mTECs were almost postmitotic and derived from Aire -precursors with higher turnover. Aire did not have impact on the cell division of mTECs. These results strongly favor the "terminal differentiation model" (Gray et al., 2007) . Additional evidence comes from comparison of the expression profi le of the casein gene locus in mTECs and mammary gland epithelial cells by single cell PCR. Unlike highly correlated expression pattern in mammary gland epithelial cells, casein expression in mTECs was promiscuous (Derbinski et al., 2008) . However, some data also seem to favor the "progressive restriction model". Based on a previous demonstration that some thymic epithelium expressed lung-associated genes resemble an ultrastructural feature of respiratory epithelium, it was proposed that TEC development had cell lineage specifi city (Farr et al., 2002) . The TRAs expression in TECs was regulated at multiple levels including Aire-dependent and -independent manner, and even epigenetic regulation (Derbinski et al., 2005) . One strong evidence is that Aire −/− thymus have altered medulla structure, mTECs composition and abnormal TRAs expression with severe autoimmune disease symptom (Ramsey et al., 2002; Gillard et al., 2007) , supporting the "progressive model". A series of reports shed lights on the end-stage terminal differentiation of mTECs. At the beginning, the MHCII hi CD80 hi Aire + mTECs subset has been generally considered to be the postmitotic end-stage of mTECs which they will be removed by apoptosis. However, accumulating evidences have shown that the mTECs might continually develop beyond the Aire + stages. First, the Hassall′s corpuscles (HCs) containing terminally differentiated mTECs positive for terminally differentiated markers in epidermis are present in the thymic medulla (Hale and Markert, 2004 . So we can roughly distinguish mTECs from cTECs in immunofl uorescence and fl ow cytometry assays.
The exact development and differentiation process of mTECs and cTECs remains elusive. It is well accepted that mTECs and cTECs share a common bipotent progenitor (TEPC) during thymus organogenesis (Rossi et al., 2006) , and this progenitor pool lasts for a very long time after birth to support continuous TEC generation and homeostasis (Bleul et al., 2006) . Though little is known about the characterization of these TEPCs, the size of the TEC progenitor pool signifi cantly controls the number of mature TECs and limits their recovery (Jenkinson et al., 2008) . Once the progenitor pool was ruined during embryogenesis, postnatal TECs could not be fully recovered. This may due to inability of self-renewal for progenitors (Corbeaux et al., 2010) . Further results demonstrated that the individual progenitors for cTECs and mTECs might exist (Rodewald et al., 2001; Hamazaki et al., 2007) . The mTECs highly expressed the tight-junction protein claudin-3 and claudin-4 (UEA-1 + Cld3, 4 hi ) represent the progenitors specifi cally for Aire + mTECs (Hamazaki et al., 2007) . Otherwise, the progenitors for cTECs emerge on E15, and are phenotypically characterized as EpCAM
Many studies about TEC development focused on mTECs. Thus, comparing to cTECs, the development pathways of mTECs are much better defi ned. Generally, the development of mTECs is divided into 3 stages: immature mTEC which express UEA-1 but lower expression of MHCII and costimulatory molecules CD80/CD86. As mTECs develop further, MHCII and CD80/86 are up-regulated concomitantly. In the middle mature stage of mTECs, they still do not express the autoimmune regulator (Aire) and functionally immature. The full mature mTECs are phenotypically characterized as high expression of MHCII, CD80/86 and Aire (UEA-1
as well as up-regulation of Aire-dependent and Aire-independent tissuerestricted antigens (TRAs) participating in thymocyte negative selection (Alexandropoulos and Danzl, 2012) .
There are two models explaining the mTEC development, which are "terminal differentiation model" and "progressive restriction model" based on the Aire expression and function (Gillard and Farr, 2005 et al., 2007) . Correlating with MHCII and CD80 upregulation, the TRAs expression are also increased and with a promiscuous and stochastic manner (Gabler et al., 2007) . In contrast, the "progressive restriction model" claims that Aire and TRAs expression are properties of immature mTECs. mTEC differentiation is driven by Aire. Therefore, the expression of TRAs is restricted with cell lineage specifi city. Obviously, the key distinguishing features of the two models is the function that Aire plays in mTEC development and differentiation. (Rode and Boehm, 2012) . Concomitant with cTECs maturation, CD40 and MHCII expression are upregulated. Mature cTECs express a series of protease participating in thymocytes positive selection (Murata et al., 2008) . Such as thymoproteasome containing β5t promotes the generation of MHCI-restricted CD8 + T cells (Murata et al., 2007; Shakib et al., 2009; Takahama et al., 2012) . β5t expression is fi rst detected in thymus on E12.5. β5t expression in cTECs requires Foxn1 expression but not medulla formation (Ripen et al., 2011) . Other proteases like Cathepsin-L and thymusspecifi c serine protease (TSSP) mediate selection of MHCIIrestricted CD4 + T cell development (Nakagawa et al., 1998; Gommeaux et al., 2009; Viret et al., 2011) . The major development/differentiation stages of cTECs and mTECs and their related molecular markers were briefl y summarized in Figure 1 . 
MECHANISMS THAT CONTROL TEC DEVELOPMENT

&
The following research, by whole genome transcriptome analysis, indicated that lymphotoxin signaling does not regulate Aire and Aire-dependent TRAs expression in mTECs (Martins et al., 2008) . The distribution of regulatory T cells (Tregs) and DCs are also not affected. LTα or LTβ defi cient mice showed normal CD80, CD40 and Aire as well as TRAs expression despite reduced medulla area (Martins et al., 2008; Seach et al., 2008) . In addition, lymphotoxin signaling participates in regulating gene expression that is independent on Aire. Such as type II collagen expression in mTECs is lymphotoxin-dependent but Aire-independent (Chin et al., 2006; Seach et al., 2008) . These data suggest that in regulating mTEC development, lymphotoxin signaling and Aire may not be correlated (Venanzi et al., 2007) . The inconsistent results regarding lymphotoxin signaling and Aire might be due to different TCR transgenic models used in different studies and the different detecting measures used in those studies (Zhu et al., 2010) . Despite the obvious similarities between LTβR and its ligand (LTα, LTβ, and LIGHT) deficient mice, the receptor-deficient mice appears to have more severe defects in medulla. This result give us the assumption that there may be other ligands for LTβR involved in mTECs development (Boehm et al., 2003) . Several advances have recently been made in understanding the role of lymphotoxin signaling in embryonic mTEC development (Zhu et al., 2010) . It is widely accepted that mTEC development relies on RANK signaling. One recent study investigated the cooperative action of individual TNFR superfamily members. The results showed that the LTβR signal could up-regulate RANK expression in the thymic stroma, thereby promoting RANK signaling and mTEC differentiation. They also revealed a type of cooperation between the LTβR and RANK signals, because the mTECs defects in Rankl/LTβR double knockout mice were more severe than each single deficient mice (Mouri et al., 2011) .
Moreover, lymphotoxin signaling also plays a role in terminal differentiation of mTECs (involucrin + Hikosaka et al., 2008) . In contrast, mice defi cient for osteoprotegerin (OPG, a decoy receptor for RANKL) developed thymic hyperplasia and more mature mTECs (Hikosaka et al., 2008) . Transplantation of RANKL −/− thymus or transferring their splenocytes into immune defi cient mice caused severe infl ammatory cell infi ltration and abundant production of autoimmune antibody (Rossi et al., 2007b; Akiyama et al., 2008) . So the abnormality of RANKL-RANK signaling results in mTEC development arrest and failure of self tolerance. CD40L-CD40 signaling pathway is essential for the formation of a complete and functional thymic environment. In the postnatal thymus, CD40L is provided by positively selected thymocytes (CD4 + and CD8 + T cells). It is suggested that in CD40-or CD40L-defi cient mice, mature mTECs were obviously decreased. Although the defects are less severe compared to mice deficient in RANK signaling. CD40
defi cient mice displayed a greater reduction in mature mTECs and more severe autoimmune disease, implying that RANK and CD40 act cooperatively in modulation of thymic medullary microenvironment and self-tolerance (Akiyama et al., 2008; Hikosaka et al., 2008; Irla et al., 2008) . Another important TNFR, LTβR signaling is indispensible for many lymphoid organogenesis including lymph node, Peyer′s patches and spleen (Futterer et al., 1998; Endres et al., 1999) . In the thymus, LTβR is mainly expressed on thymic stromal cells other than T and B lymphocytes. Two ligands for LTβR are discovered: LTα1β2 and LIGHT, in which the former consist of LTα and LTβ subunits. The mature single positive thymocytes are the main source for LTβR ligand in the thymus (Irla et al., 2008) .
The importance of lymphotoxin signaling in mTEC development is confi rmed. Mice defi cient in LTβR, its ligand or downstream signal molecule nuclear factor-κB-inducing kinase (Nik) caused defects in thymic medulla development including disorganized medullary architecture, signifi cant reduction in overall mTECs and retention of T cell maturation with autoimmune disease (Boehm et al., 2003; Venanzi et al., 2007) . However, there are still controversy in the role of lymphotoxin signaling in Aire and TRAs expression. Previous work showed that lymphotoxin signaling is required for Aire and Aire-dependent as well as Aire-independent TRA expression (Chin et al., 2003) . & and T cell development, including BMP2, BMP4, Wnt5b and Wnt10b (Rossi et al., 2007a) .
Protein Cell
Wnt
In the thymus, Wnt receptors are exclusively expressed on TECs (Balciunaite et al., 2002) , indicating the crucial role for Wnt signaling in TEC development and function. Firstly, Wnt participates in TECs development by regulating Foxn1 expression. In addition, growing data indicate that Wnt4, induction of both classical and non-classical Wnt signaling, plays an essential role in maintaining thymic microenvironment. In the fetal thymus, Wnt4 is expressed in TECs and fi broblasts, while in adult thymus, Wnt4 is predominantly produced by TECs including both mTECs and cTECs (Heinonen et al., 2011a) . Wnt4 controls thymopoiesis and thymus size by regulating TEC, thymocyte and their progenitor proliferation (Heinonen et al., 2011a; Heinonen et al., 2011b) . Wnt4 protects thymus (TECs) from injury induced by dexamethasone (Talaber et al., 2011) . In contrast, over-expression of DKK1, a inhibitor of Wnt4 in TECs, leads to thymic atrophy, reduction of TEPCs and TEC proliferation, all features similar to thymic aging (Osada et al., 2010) . Therefore, Wnt4 become a marker for thymic senescence (Kvell et al., 2010) . With ageing, the expression of Wnt4 and its downstream target gene Foxn1 are down-regulated. Another Wnt4 target gene, connective tissue growth factor (CTGF) is potentially involved in a negative feed-back loop suppressing Wnt expression, which is important for initiation of thymic senescence (Varecza et al., 2011) .
Except for the factors mentioned above, other signals are of great importance in TEC development as well. Notch signaling represents one important molecular example for thymic crosstalk. Notch signals provided by thymocytes induce the development of thymic microenvironments (Masuda et al., 2009 ). The vitamin A metabolite and transcriptional modulator retinoic acid (RA) is recently recognized as an important regulator of epithelial cell homeostasis in many other tissues. RA signaling is a preliminary requirement for thymopoiesis (Wendling et al., 2000) , while ectopic expression of RA cause thymic hypoplasia (West et al., 1989) . Mesenchymal cells are identified as the major source of RA in the embryonic thymus. It seems that RA modules TECs turnover in a suppressive way in which RA signaling promotes TECs cell-cycle exit and restricts TECs cellularity preferentially in the cTEC compartment (Sitnik et al., 2012) .
Intrinsic signals involved in TEC development
Intrinsic signals have been identifi ed for TEC development. In the following section, we will focus on Foxn1, Aire and NF-κB, and give a brief introduction on other related molecules.
Foxn1
With no doubt, transcriptional factor Foxn1 plays a crucial role in thymus (and TECs) development. Mice that are defi cient in
FGFs
Cell expansion is required for establishment of a complete and functional thymic microenvironment supporting thymocyte development. FGFs boost thymopoiesis as well as promote differentiation by working on both thymocytes and TECs. Ectopic FGF8 expression caused thymus hypoplasia (Frank et al., 2002) . FGF8 infl uence TECs indirectly by regulating neural crest cells (NCCs) survival and differentiation, therefore FGF8 deficiency and NCCs deletion result in similar manifestation (Bockman and Kirby, 1984) . FGF7 and FGF10 conduct mainly as nutritional factors promoting TECs proliferation but not differentiation. Loss of FGF10 also causes inhibition of thymus development, and alters thymic cytokeratin expression pattern (Revest et al., 2001 ). Development of thymus defi cient in FGF receptor R2-IIIb (FGFR2IIIb) -receptor for FGF7 and FGF10, is blocked at E12.5 when TECs just emerge. However, FGF signal is not always enhancing TECs. When thymus and parathyroid glands are derived from the third pharyngeal pouch endoderm, localized inhibition of FGF signaling is essential for normal Gcm2, Bmp4 and Foxn1 expression and thymus/parathyroid detachment (Gardiner et al., 2012) .
Among FGFs, major research interests focused on FGF7, also known as keratinocyte growth factor (KGF) which boosts thymus architecture and global function. In the thymus, mature CD4 + and CD8 + thymocytes and fi broblasts are main source for KGF. KGF acts on both thymocytes and TECs, promoting their proliferation and function. KGF administration to intact adult mice resulted in a transient expansion of both immature and mature TECs, leading to T cell generation (Rossi et al., 2007a) . KGF in the thymus of RAG-defi cient mice is very low due to absence of thymocytes, leading to thymus hypoplasia, while adding KGF could increase medullary compartment (Erickson et al., 2002) . Furthermore, administration of KGF protected thymus damage from radiation or graft-versus-host disease thus enhanced immune reconstitution after hematopoietic stem cell transplantation (Min et al., 2002; Rossi et al., 2002; Alpdogan et al., 2006) . Therefore, KGF attenuates thymic aging in elderly individuals, protecting medullary architecture and promoting T cell production (Min et al., 2007; Berent-Maoz et al., 2012) . Thymic mesenchymal cells also regulate thymus growth by producing FGFs. By E12 of gestation, thymus rudiment is surrounded by mesenchyme derived from NCCs (Auerbach, 1960) . Mesenchymal cells migrate into thymus at E13 to differentiate into many cell types like fi broblasts, modulating TECs and thymocyte development (Suniara et al., 2000) . Removal of mouse perithymic mesenchyme at E12 did not affect differentiation of immature TECs, but reduced TEC cell number. Mesenchymal cells enhance TEC proliferation by producing FGF7 and FGF10. Mesenchyme deletion did not affect TEC differentiation, suggesting that the mechanism underlying TEC proliferation and differentiation is disconnected (Jenkinson et al., 2003 Table 1 . Collectively, the above data suggest that Foxn1 is a powerful regulator of TECs development required at multiple stages of both cTECs and mTECs differentiation. First, Foxn1 is dispensable for earliest progenitors presence but indispensable for mTEC and cTEC development (Nowell et al., 2011) . So it is not surprising that the earliest TEPCs persist in Foxn1 −/− thymus, but the development from progenitor cells into cTEC and mTEC sub-lineages is arrested, indicating that Foxn1 plays a role in regulating TEC differentiation but not the progenitors appearance (Blackburn et al., 1996) . Second, Foxn1 also modulates the differentiation of both cTEC and mTEC sub-lineage in the postnatal thymus. Third, Foxn1 participates in TEC survival and proliferation (Itoi et al., 2001; Chen et al., 2009 ) and terminal differentiation (Baxter and Brissette, 2002; Janes et al., 2004; Nowell et al., 2011) . Finally, Foxn1 expression is related to age-associated thymic atrophy, indicating its regulatory role in thymus senescence.
In addition to the function in regulating TEC development, Foxn1 could also make contributions to the vascularization of the murine thymus. VEGF, an endothelial cell mitogen, is mainly produced by thymic epithelial cells and mesenchymal cells. Upon binding to VEGF, endothelial cells are induced to proliferate, forming structural support surrounding vessels. As in the nude thymus, neither CD31 + endothelial cells nor VEGF producing mesenchymal cells are detected in the epithelial region (Mori et al., 2010) . As a transcriptional factor, Foxn1 directly or indirectly regulates a series of genes involved in diverse aspects of thymus development or function (Nowell et al., 2011) . Pax1, expressed on the third pharyngeal pouch at E9.5, essentially regulates TECs differentiation and proliferation (Su et al., 2001) . The expression of Pax1 in the thymus primordium is Foxn1-dependent. Foxn1 also regulates genes closely associated with thymocyte development. CCL25 and CXCL12, chemokines Foxn1 (Foxn1 nu/nu , nude mice) have atrophic thymus and few T cell production, leading to severe immune defi ciency (Blackburn et al., 1996) . Foxn1 expression was fi rst detectable on E11.25 in mice, the stage between thymus anlage formation and TEC development (Bennett et al., 2002) . Foxn1, expressed on almost all TECs, regulates TEC (including mTECs and cTECs) differentiation and function in the fetal and adult thymus (Nehls et al., 1994) .
A series of transgenic mouse models related to Foxn1 allele signifi cantly extend our understanding on its function. In Foxn1 nu/nu mice, the earliest stage of thymus development was not impaired, in which the common progenitors could persist even in the postnatal thymus. However, thymus development was arrested after initial formation of the organ anlage (about E12 in mice) without hematopoietic precursors colonization (Cordier and Heremans, 1975) . While the reversion of Foxn1 expression resulted in a functional thymus compartments with both cortical and medullary tissues (Bleul et al., 2006) . Foxn1 Δ/Δ is a transgenic mice with a hypomorphic Foxn1 allele, lacking exon 3 and thus the N-terminal domain of Foxn1. Unlike nude mice, affection in Foxn1 Δ/Δ is thymusspecifi c and much milder, while the skin and hair development is normal (Su et al., 2003) . The thymus was highly cystic, containing no discernable cortical or medullary regions. As a result, the thymocyte development was also blocked although the hematopoietic stem cells could colonize in the thymus (Su et al., 2003) . In Foxn1 LacZ mice, the postnatal ) is more sensitive to Foxn1 regulation (Chen et al., 2009) . TEC development blockage was concomitant with impaired T cell production, leading to lower immune-surveillance to infection and aging phenotype (Guo et al., 2012) . However, the mechanisms for reduced Foxn1 expression in this mutant are uncertain, because the inserted LacZ gene is not controllable. In addition, LacZ insertion may disrupt other developmental process. So mouse models with conditionally deletion of Foxn1 (Foxn1 fx (fx)) offered us a better opportunity to understand the Foxn1 function (Cheng et al., 2010) . Ubiquitous deletion of Foxn1 after birth caused dramatic thymic atrophy in 5 days with more severe defects in mTECs (especially the MHCII hi UEA-1 hi mature population) than cTECs. The loss of TECs resulted from increased apoptosis due to activation of p53 gene. Interestingly, when Foxn1 deletion was driven by K5 promoter (expressed mainly on mTECs), similar results were seen, whereas Foxn1 deletion in K18 promoter-driven (mostly cTECs) was not. This may suggest that Foxn1 is more important for the maintenance of mTECs in the postnatal thymus. Bleul and Boehm, 2005) . In fetal thymic organ culture (FTOC), BMP4 promotes Foxn1 expression on TECs and thereby improving thymic microenvironment for thymopoiesis (Tsai et al., 2003) .
Aire
The animal model of autoimmune polyendocrinopathy (APECED) characterized by polyglandular autoimmune disease revealed a very important factor, Aire, participating in T cell tolerance induction in the thymus. Aire is not only a marker for mature mTECs, but also regulates mTEC development and differentiation (Mathis and Benoist, 2009). Aire-defi cient mice showed morphological changes in medullary components with decreased mTECs. A fate-mapping strategy allowing permanent marking of cells expressing Aire, enabled us to distinguish mTECs committed to expressing Aire from Aire-nonexpressing mTECs. It is demonstrated that the numbers of mTECs expressing involucrin, a marker for terminal epidermal differentiation, were reduced in Aire-deficient thymus, which modulating hematopoietic stem cell localization in thymus Calderon and Boehm, 2012) , and stem cell factor (SCF), promoting T cell progenitor growth, were undetectable in Foxn1-defi cient thymus. Foxn1 defi ciency also caused diminishment of another factor DLL4, a ligand for Notch which controls hematopoietic stem cells specifically differentiated into early T cell progenitors (Koch et al., 2008; Calderon and Boehm, 2012) . In addition, CathepsinL, CD40 and MHCII involved in TEC development and function are regulated by Foxn1 directly or indirectly (Nowell et al., 2011) . On the other hand, the expression and maintenance of Foxn1 gene in the thymus is strictly under control, in which wingless (Wnt) and bone morphogenic proteins (BMPs) play an important role. Wnts are a large family of secreted glycoproteins participating in many aspects of cellular development including cell fate determination, migration, proliferation, polarity and death (Wodarz and Nusse, 1998) . In the thymus, mostly Wnt4 and Wnt5b, produced by TECs and thymocytes, regulate Foxn1 expression in TECs through both autocrine and paracrine manners through TCF-4 and LEF-1 (Balciunaite et al., 2002) . BMPs are members of TGF-β superfamily and act as morphogens in the development of many organs. By analyzing the expression pattern of BMP4 in the third pharyngeal pouch, it was revealed that BMP4 expression localized on et al., 2005) . As a cascade, TRAF6 activates TGF-β activating kinase 1 (TAK1), which in turn phosphorylates the IKK complex composed of IKKα, IKKβ and NEMO. Subsequently, the IKK complex phosphorylates IkBα for degradation, leading to translocation of the RelA/p50 complex to the nucleus. All RANK, CD40 and LTβR signaling could elicit non-classical NF-κB pathways via TRAF2/5 to activate p52/RelB (Irla et al., 2009) . In non-classical NF-κB pathways, IKKα is phosphorylated by NIK, which in turn induce p100 degradation to p52. Together with RelB, p52 then were translocated to nucleus. Accordingly, mice defi cient of genes related to non-classical NF-κB pathways including NIK, IKKα, and RelB also had abnormal thymus development with reduced UEA-1 + and/or Aire + mTECs (Burkly et al., 1995; Weih et al., 1995; Kajiura et al., 2004; Kinoshita et al., 2006; Lomada et al., 2007) . NF-κB2-defi cient mice display a remarkable decrease in the number of mature mTECs (CD80 hi ) and Aire expression, leading to severe autoimmune phenotype (Zhang et al., 2006; Zhu et al., 2006) .
Other molecules related to TEC development
Except for transcription factors mentioned above, other inner molecular signals are involved in TEC development and differentiation too. Sin is a signaling adapter protein and regulates signaling by mediating protein-protein interactions (Alexandropoulos et al., 2003) . Sin is expressed specifi cally in the mTECs but not in cTECs. Sin −/− mice showed autoimmune manifestations correlated with disorganized medullary architecture and reduced functionally mature mTECs under steady-state conditions. Sin defi ciency inhibits the expansion of mTECs in response to KGF (Danzl et al., 2010; Alexandropoulos and Danzl, 2012) . As an adaptor protein, Sin regulates Erk1/2 activation downstream of the KGF/FGFR2IIIb, leading to the enhancement of TEC proliferation. In addition, Sin activates p52 (non-classical NF-ΚB pathway) to promote mTEC survival and differentiation (Alexandropoulos and Danzl, 2012) . Spatial is expressed in thymic stromal cells and regulates TEC proliferation and thymus size (Flomerfelt et al., 2000 (Flomerfelt et al., , 2010 Saade et al., 2010) . RhoB, a member of small GTPases family, is also expressed in thymic medullary epithelium. Mice deficient in RhoB were found to display earlier thymic atrophy (Bravo-Nuevo et al., 2012) . p63, a homologue of the tumor suppressor p53 and considered as a marker for TEC progenitors, is pivotal for epithelial development. Because its loss causes severe thymic atrophy and component disorder (Candi et al., 2007b) . p63 is required for TEPCs to keep their proliferative capacity by inhibiting TEPCs apoptosis (Candi et was associated with nearly an absence of HC-like structures in the medulla (Hikosaka et al., 2008) . All these data suggest that Aire controls the differentiation program of mTECs. mTECs lack of Aire ceased to differentiate further, thereby remained at the pre-mature stage just before terminal differentiation (Yano et al., 2008) .
The most important function of Aire is as a transcription factor regulating expression of a panel of peripheral self-antigen in mTECs and promoting the antigen presentation ability of mTECs, participating in T cell negative selection and self tolerance establishment (Gardner et al., 2009) . Therefore, Aire defi ciency caused a severe autoimmune disease manifestation with infl ammatory cell infi ltration in multiple organs and autoimmune antibody production (Anderson et al., 2002; Ramsey et al., 2002) . Aire regulates TRAs expression in multiple manners, among them there are mainly multiple pathways (DansoAbeam et al., 2011) . 1) Aire as a classical transcription factor, which could initiate transcription of target genes by binding to their promoter region. 2) Aire increases TRAs expression nonspecifically by loosening up the chromatin structure. 3) Aire functions through epigenetic modification. Aire recognizes epigenetic site of unmethylated histone 3. Following demethylation, Aire enhances target gene transcription either via itself directly or via recruiting other transcriptional activators indirectly. Apart from these 3 ways mentioned above, the mRNA levels of Aire in mTECs could determine the expression of peripheral tissue antigen genes (Oliveira et al., 2012) . Microarray analysis of expression pattern of wild-type and Aire −/− mTECs revealed that Aire could induce transcription of target genes by unleashes stalled RNA polymerase in mTECs (Giraud et al., 2012) . In addition to TRAs, Aire also controls the expressions of microRNAs in mTECs (Macedo et al., 2012) , which in turn play a crucial role in maintaining normal thymic microenvironments. TECs with a defi ciency of Dicer, an enzyme catalyzing the formation of miRNA caused decreased thymus thymopoiesis and impaired negative selection and thus autoimmune disease (Zuklys et al., 2012) .
Interestingly, in Aire-deficient thymus, an increase of mTECs expressing truncated Aire protein occurred (Dooley et al., 2008) , indicating that these mTECs would be eliminated in wide-type thymus. This data shed light on Aire′s proapoptotic activity. Another evidence was deduced from the fact that overexpression of Aire in an mTEC line caused overt apoptosis of the cells (Gray et al., 2007) . The mechanism of this proapoptotic activity is in part associated with nuclear translocation of stress sensor and proapoptotic protein GAPDH (Liiv et al., 2012) .
NF-κB
The signaling pathway downstream of RANK, CD40 and LTβR is usually canonical/non-canonical NF-κB signal (Basak and Hoffmann, 2008) . There are five members in NF-κB family namely, NFκB1 (p150/p50), NFκB2 (p100/p52), c-Rel, RelA and RelB. In the thymus, NFκB1 and RelA are mainly localized Protein Cell & especially for mTEC development. TNFR signals of RANKL, CD40L and lymphotoxin are mostly provided by mature thymocytes, while the FGFs, RA are produced by mesenchymal cells (Fig. 2) . Foxn1 is a powerful intrinsic modulator of TEC lineage progression in both fetal and adult thymus in a dosagedependent manner. The multiple signal pathways regulating TEC development are briefl y summarized in Fig. 2 .
Although we generally know the cellular and molecular hierarchies in TECs lineage development, thymic microenvironment however is a complicated network concluding interaction between many cell types and signal molecules. Senoo et al., 2007) . The ADAMs (a disintegrin and metalloproteases) family of transmembrane proteins belongs to metalloproteinase, and is involved in thymus development. Mice with a deletion of Adam10 specifi cally in TECs (driven by K14-cre) caused thymic atrophy (Weber et al., 2011) . TECs defi cient in Adam17 (Foxn1-cre) specifi cally reduced Aire expression but not affected TECs and T cells development (Gravano et al., 2010) . Furthermore, defi ciency in Adam8 results in accumulation of single positive thymocytes in the thymus and lower cortex/medulla ratio, due to the increased mTECs (Gossens et al., 2010) .
CONCLUDING REMARKS
Multiple signals and cellular interactions play a crucial role for TEC complete development during thymus organogenesis. The epithelial/mesenchymal interactions and cross-talk of TECs with other cells such as lymphoid cells are required for maturation/expansion/maintenance of epithelial compartments, Figure 2 . Extrinsic and intrinsic signals regulating TEC development. mTECs and cTECs share a common bipotent progenitors (TEPCs) during thymus organogenesis. Apart from the presence of earliest progenitors and entry into differentiation programme, transcription factor Foxn1 regulates TECs development at almost every stages of cTECs and mTECs. Aire is a marker for mature mTECs as well as promotes mTEC development, maturation and terminal differentiation. Extrinsic signaling through cellular crosstalk are also involved in TEC development. TNFR family members including RANK, CD40 and LTβR signals cooperatively participate in thymic medulla formation and mTEC development. Moreover, LTβR regulates mTEC terminal differentiation. The ligands for TNFR are provided by positively selected thymocytes. In addition, FGFs, also produced mainly by mature thymocytes and fi broblasts, are required for TECs and thymocytes proliferation to establish a complete and functional thymic microenvironment. Wnt signaling, expressed in TECs and fi broblasts, controls thymopoiesis and thymus size by regulating TECs and thymocyte and their progenitor proliferation. for the clinical application of "modifi cation of thymus function" to improve our cellular immunity in physiological and pathological conditions such as transplantation, autoimmune diseases and aging.
